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We study the Soret effect of charged polystyrene particles as a function of temperature and
electrolyte composition. As a main result we find that the Soret coefficient is determined by charge
effects, and that non-ionic contributions are small. In view of the well-kown electric-double layer
interactions, our thermal field-flow fractionation data lead us to the conclusion that the Soret effect
originates to a large extent from diffusiophoresis in the salt gradient and from the electrolyte Seebeck
effect, both of which show strong specific-ion effects. Moreover, we find that thermophoresis of
polystyrene beads is fundamentally different from proteins and aqueous polymer solutions, which
show a strong non-ionic contribution.
PACS numbers:
I. INTRODUCTION
When applying a temperature gradient to a colloidal
suspension, molecules and nanoparticles migrate to the
cold or to the hot, depending on the solute and solvent
properties [1–4]. In recent years, this Soret effect, or
thermophoresis, has been used for colloidal confinement
to a micron-sized hot spot in a channel or thin film [5–
7], and for self-propulsion of hot Janus particles in active
colloids [8–10]. The underlying thermal forces are very
sensitive to the electrolyte composition. Thus colloids
move to the cold side in NaCl solution and to the hot
in NaOH, because of the Seebeck effect which takes op-
posite signs in these electrolytes [11–14]. The related
electric field has been discussed in view of translocating
DNA through nanopores [15] and accumulating charge
in a micron-size hot spot [16, 17]. More generally, ther-
mophoresis shows specific-ion effects [18, 19] similar to
the Hofmeister series of protein interactions. As another
signature for charge effects, the electrostatic repulsion of
nearby particles gives rise to a characteristic dependence
on volume-fraction and salinity [20, 21]
The temperature dependence of thermophoresis is
poorly understood, in particular the strong increase with
T and the change of sign that occur in many instances
[22–26]. In a study on lysozyme protein, Iacopini et al.
separated the effect of temperature and salinity [22]; their
data give clear evidence for an important non-ionic inter-
action that dominates the temperature dependence. This
has been confirmed for non-ionic surfactants [26, 27] and
PNIPAM microgels [24, 25]. A phenomenological law
proposed by Piazza describes remarkably well the behav-
ior of non-ionic solutes, proteins, polyelectrolytes, and
charged latex beads [26]. Regarding the latter, there is
so far no direct proof for a non-ionic driving mechanism.
To know whether it exists or not, is important for an effi-
cient surface functionalization of self-propelling colloids.
The present paper addresses two questions on ther-
mophoresis of charged particles: First, is there a non-
ionic contribution and, second, what is the origin of the
temperature dependence? We report on thermal field-
flow fractionation (ThFFF) measurements of the Soret
coefficient of polystyrene sulfonate (PS) beads as a func-
tion of electrolyte composition and temperature. In view
of the theory of phoretic motion of colloids, our data
strongly suggest that the answer to the above questions
is intimately related to the temperature-induced salt-ion
gradients.
The paper is organized in the following way. Sect. 2
gives details of our experimental setup, and Sect. 3 an
overview of the theoretical description of thermophore-
sis due to electric-double layer forces. The effects of the
electrolyte composition and temperature are discussed in
Sects. 4 and 5. We conclude in Sect. 6 with a discussion
of our main results and a comparison to protein ther-
mophoresis.
II. EXPERIMENTAL SECTION
We briefly present the principle of ThFFF as shown
in Fig. 1. The colloidal suspension is injected at the
channel entrance and, after an equilibration time of one
minute [28], reaches a steady state with vertical concen-
tration profile c = c0e
−z/`, where the retention length
1/` = ST∆T/w depends on the Soret coefficient ST , the
temperature difference ∆T = Th − Tc across the chan-
nel, and its width w. In our setup the channel length
is 46.4 cm, the breadth 1.8 cm, and the width w =100
µm. Pumping the suspension through the channel re-
sults in a parabolic velocity profile. At the exit, the
colloidal content is determined by detection of the UV-
absorption as a function of time. Typical elution pro-
files as in Fig. 1c, consist of a strong Gaussian feature
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2FIG. 1: Schematic view of our ThFFF setup. a) The Soret
equilibrium state in the vertical temperature difference is pre-
pared at the entrance of the channel, with a vertical con-
centration profile c = c0e
−z/`. b) Pumping the suspension
through the channel results in a parabolic velocity profile. At
the exit, the colloidal content is determined by detection of
the UV-absorption as a function of time. c) Typical elution
profiles consist of a strong Gaussian feature at t = tr that
describes the arrival of the particles accumulated close to the
lower wall. We show elution patterns at different tempera-
tures. At higher T , the position of the Gaussian is shifted to
later times, implying a smaller retention length ` and thus a
higher Soret coefficient.
at t = tr that describes the arrival of the particles ac-
cumulated close to the upper or lower wall; the small
precursor peak occurs at the moment where the front
of the parabolic flow profile reaches the exit. At higher
T , the position of the Gaussian is shifted to later times,
implying a smaller retention length ` and thus a higher
Soret coefficient. In all experiments the flow rate is 0.3
mL/min and the colloidal mass fraction at the moment
of injection is in the order of 10−4; the temperature dif-
ference is in the range ∆T = 15...25 K for the data shown
in Fig. 2 and 3, and ∆T = 10...15 K for those in Figs.
4 and 5. The effective temperature is calculated by as-
suming a linear temperature profile through the channel
and taking the concentration-weighted mean value. For
positive and negative ST this gives T = Tc + ∆T (`/w),
and T = Th −∆T (`/w), respectively.
The Soret coefficient is determined following a stan-
dard procedure [28]. The channel void time t0, which
is given by the centre of gravity of the elugram of one
non-retained sample, is divided by the retention time
to calculate the retention ratio R = t0/tr. The almost
parabolic velocity profile results in a characteristic elu-
tion pattern that allows us to determine the length `
through the relation R = 6λ coth(1/2λ) − 12λ2, where
λ = `/w = 1/ST∆T [29]. For most of our data, λ is
in the range from 2 to 6%. In the calculated retention
parameters, we account for deviations of the flow profile
due to the temperature dependent viscosity. Retention
parameters have to be corrected in terms of the devia-
tion parameter [30], taking the not ideal flow profile into
account, which results from the temperature dependence
of the solvent [31]. ThFFF does not distinguish whether
the colloid accumulates at the upper or lower plate, and
thus provides only the absolute value |ST | of Soret coef-
ficient. Thus the sign has to be inferred from continuity
of the data and from previous experiments.
The samples PS 90 and PS 136 are prepared by
surfactant-free emulsion polymerization, according to
Juang and Krieger [32]. Two-phase polymerization is
performed in a glass reactor, thus ensuring optimized
stirring and temperature control. After heating the re-
actor up to 65◦C, 177.7 g of water and 56.8 g of styrene
are added. The difference between preparation of PS 90
and PS 136 is the amount of ionic stabilizing comonomer
introduced: 0.63 g (PS 90) and 0.41 g (PS 136) of 4-
styrene sulfonate. After 5 min of homogenization, the
radical initiator potassium persulfate, 0.36 g solved in 10
g of water, is added drop-wise. The reaction is kept alive
for 24 h, and then latex emulsions are cooled down to
room temperature, filtered and dialyzed. The stability
of resulting colloidal suspensions is given by electrostatic
repulsion, caused exclusively by the introduced sulfonate
groups. The sample PS 215 is purchased from Thermo
Fisher Scientific (Waltham, MA, USA), and used without
further treatment.
All experiments are performed in de-ionized water
(18.2 × 104Ωm) without adding surfactant. Except
styrene which has to be distilled in prior to the syn-
thesis, all chemicals are introduced as purchased in an-
alytical grade from Merck (Darmstadt, Germany). Hy-
drodynamic radii of the particles used in this report are
determined by dynamic multi-angle light scattering and
the spherical shape is verified by transmission electron
microscopy. All samples reveal having a very low poly-
dispersity index.
III. CHARGE-DRIVEN THERMOPHORESIS
Charge effects on colloidal motion in a non-uniform
electrolyte solution arise from the interaction with the
non-uniform electric double-layer [34]. In our systems the
Debye screening length κ−1 is small as compared to the
particle size, and the surface potential ζ takes moderate
values. Thus viscous effects can be treated in boundary
layer approximation, and the screened electrostatics can
be evaluated to second order in ζ. Then the particle
3velocity reads [4]
u = − εζ
2
12η
(∇T
T
− ∇n0
n0
− ∇ε
ε
)
+
εζ
η
E, (1)
with the solvent viscosity η, permittivity ε, and salinity
n0, and an applied electric field E. The terms in paren-
theses describe motion in a temperature gradient [35], in
a salt gradient [36], and due to an electrostrictive force
[37]; the particle moves toward lower temperature but
higher salinity and permittivity. The last term in (1) ac-
counts for electrophoresis in an electric field E, with the
Helmholtz-Smoluchowksi mobility εζ/η.
Here we deal with an applied thermal gradient and its
companion fields induced by the temperature dependent
properties of the electrolyte solution according to
τ = −T
ε
dε
dT
, α = − T
n0
dn0
dT
, E = S∇T. (2)
Parameter τ accounts for the temperature-dependent
permittivity of water. The solvation enthalpies of posi-
tive and negative salt ions vary with temperature; they
result in a non-uniform salinity with thermal diffusion
factor α and a thermoelectric field with Seebeck coeffi-
cient S. With the quantities defined in (2) the parti-
cle velocity reads u = −DT∇T , where the companion
fields are absorbed in the mobility DT . Its ratio with
the Stokes-Einstein coefficient D = kBT/6piηa gives the
Soret coefficient ST = DT /D, which varies linearly with
the particle radius a. From the above equations we have
ST =
6pia
kBT 2
(
εζ2
12
(1 + τ + α)− εζST
)
, (3)
where the expressions in parentheses have the dimension
of a force, and take typical values of a few pN. A pos-
itive sign of ST means that the particle moves to lower
temperatures.
It is instructive to compare the magnitude of the dif-
ferent contributions to ST . With a = 215 nm in the
overall prefactor and ζ = −50 mV, we find that Rucken-
stein’s thermo-osmotic term, that is, the “1” in Eq. (3)
contributes 0.1 K−1, and the electrostrictive force ∝ τ
about 0.2 K−1. In NaCl solution, the specific-ion effects
with coefficients α and S contribute 0.4 and 0.6 K−1,
respectively; in other words, the four terms are positive
and of the same order of magnitude. In NaOH solution,
however, the ion-specific effects contribute 0.6 and −3.5
K−1. These numbers imply that the Soret effect is to
a large extent determined by the Seebeck and diffusio-
phoresis contributions. For negatively charged particles
in NaOH solution, one expects the Seebeck term to result
in a negative Soret coefficient [12].
Colloidal particles dispersed in an electrolyte solution
constitute a quaternary system. An effective binary sys-
tem as in Eq. (3) is obtained by eliminating the salt ion
concentrations n± as variables; thus the ζ-potential ac-
counts for well-known composition of the electric-double
FIG. 2: Soret coefficient of 215 nm PS beads in a mixed elec-
trolyte NaCl1−xOHx. The data at 41◦ C (circles) show a lin-
ear dependence on x, and a change of sign at x ≈ 1
2
; those at
26◦ C (squares) indicate that in NaCl solution, ST strongly
increases with temperature. The solid lines are calculated
from Eq. (3) with ζ = −38 mV, ε = 78ε0, and τ = 1.4; the
fit values for the Seebeck coefficient S and thermal diffusion
factor α compare favorably with those measured at room tem-
perature by Agar [39]. As discussed below, the temperature
dependence of S and α agrees with Eq. (5).
layer. The parameters α and S depend on the non-
uniform salinity and the surface charges related to the
Seebeck thermopotential. This reduction is achieved by
solving the diffusion equation for thermally driven ion
currents and by replacing ∇n± with their stationary val-
ues [4, 38]. This relies in particular on the fact that the
salt relaxation times are much shorter than that of the
colloidal distribution function. Moreover, at sufficiently
small colloidal volume fractions, the back-reaction of the
colloidal macro-ions on α and S can be neglected [14].
TABLE I: Seebeck coefficient S and thermal diffusion factor
α of dilute solutions of NaCl and NaOH. The experimental
values are determined from the heats of transport Q∗Na =3.5
kJ/mole, Q∗Cl =0.5 kJ/mole, Q
∗
OH =17.2 kJ/mole, measured
by Agar [39], according to αNaA = (Q
∗
Na + Q
∗
A)/2kBT and
SNaA = (kB/e)(Q
∗
Na−Q∗A)/2kBT . The fit values are used for
the theory curves in Fig. 2. These values agree with the linear
temperature dependence for NaCl solutions given in Eq. (5).
αNaCl αNaOH
SNaCl
(µV/K)
SNaOH
(µV/K)
exp 25◦ C 0.8 4.1 52 −238
fit 26◦ C 1.2 4.8 56 −296
fit 41◦ C 2.9 4.8 138 −296
4IV. ELECTROLYTE COMPOSITION
A. Specific-ion effects
Fig. ?? shows the Soret coefficient of 215 nm PS beads
in a 1 mM solution of NaCl1−xOHx as a function of the
composition parameter x. The data show a linear varia-
tion with x; those at 41◦ C change of sign at x ≈ 12 . These
findings are in agreement with previous studies reporting
ST > 0 in NaCl and ST < 0 in NaOH [11, 13]; a similar
linear dependence on composition was reported for SDS
micelles in a mixed electrolyte [13]. Moreover, the data
at 26◦ and 41◦ C indicate that the Soret coefficient in
NaCl solution increases with temperature.
The only ion-specific quantities in Eq. (3) are the See-
beck coefficient S and the thermal diffusion factor α; for
a mixed electrolyte we write these quantities as mole-
fraction weighted averages,
S = (1− x)SNaCl + xSNaOH,
α = (1− x)αNaCl + xαNaOH.
(4)
from the numbers given in Table I it is clear that α in-
creases with x, whereas the Seebeck coefficient strongly
decreases and changes sign. Moreover, with typical values
of the surface potential of less than mV, one finds that the
composition dependence of Eq. (3) is dominated by the
Seebeck term. Since most colloids carry a negative sur-
face charge, one expects quite generally a negative Soret
coefficient in NaOH solution.
The fit curves are calculated with constant ζ-potential
and the salt parameters given in Table I. We have ne-
glected various additional dependencies, such as the well
known variation of the ζ-potential with the pH value. In-
deed, our measurements (Stabino) show that, depeding
on salinity, ζ varies by about 10 to 30 percent upon re-
placing NaCl with NaOH. Including this dependence in
the fits would merely modify the parameters S and α,
but not affect our conclusions.
B. Salinity
In Fig. 3 we plot the Soret coefficient in NaCl solu-
tion as a function of the salinity n0. First ST increases
with n0, attains a maximum at about 5 mM, and then
drops to small values beyond the resolution of our exper-
iment. The behavior between 10 and 100 mM arises from
the variation of the surface potential with salinity in the
framework of Debye-Hu¨ckel approximation, ζ ∝ n−1/20 .
This law ceases to be valid at lower salinity, as is well-
known from electrophoresis [42].
As a possible mechanisms for the dependence at low
electrolyte strength, and in particular for the occurrence
of a maximum, we mention the surface conductivity con-
tribution, similar to well-known reduction of the elec-
trophoretic mobility [42]. On the other hand, there
are several effects specific for thermophoresis that have
FIG. 3: Soret coefficient of 215 nm PS beads in NaCl solu-
tion as a function of the electrolyte strength at TC = 299K
with ∆T = 15 K. For high salinity, n0 > 10 mM, inserting
the Debye-Hu¨ckel law ζ ∝ n−1/20 in (3) gives ST ∝ n−1/20 and
∝ n−10 for the Seebeck term and the remainder, respectively;
this agrees at least qualitatively with the data. Yet these laws
cease to be valid at lower salinity; our data, and in particular
the occurrence of a maximum, are similar to the well-known
behavior of the electrophoretic mobility, which is to large ex-
tent determined by the salinity dependence of the ζ-potential
[42].
hardly been investigated so far, such as the collective
thermoelectric effect [14], or the fact that the coefficients
S and α depend significantly on salinity [40].
In moderate or weak electrolytes, there is no satisfac-
tory model for the surface potential and its subtle de-
pendencies on pH, temperature, and salinity. In order
to account for the variation of ST with salinity, we take
in all fits ζ = −38 mV at 1 mM, ζ = −53 mV at 5
mM, and ζ = −6.5 mV at 100 mM. The value at 5 mM
agrees with the measured ζ-potential over the tempera-
ture range studied here; those at 1 and 100 mM are in ac-
cord with Fig. 3 and more generally with electrophoretic
mobility data.
V. TEMPERATURE DEPENDENCE
Soret data for various colloids show a strong and
surprisingly universal temperature dependence [22–27].
Here we present data for both NaCl and NaOH solutions
that are essential for the main results of this paper.
A. NaCl solution
According to Fig. 3, the Soret coefficient of polystyrene
particles vanishes at high salinity. In order to deter-
5FIG. 4: Soret coefficient in NaCl solution as a function of
temperature. The solid lines are calculated from (3) with
ζ = −53 mV at 5 mM and −6.5 mV at 100 mM; we assume a
linear variation of S and α according to Eq. (5), with values
at 25 C.
mine whether this is the case at all temperatures, we
plot in Fig. 4 Soret data measured at different electrolyte
strength as a function of T . The main features are a
roughly linear variation with temperature, a strong re-
duction upon increasing the electrolyte strength, and a
linear increase with the particle size. These findings lead
us to two main conclusions of the present work.
First, the Soret effect of 215 nm beads in 5 mM NaCl is
almost ten times stronger than in 100 mM solution, and
this over the range from 25◦ C to 50◦ C. This uniform re-
duction provides strong evidence that thermophoresis of
polystryene beads arises from charge effects only. They
exclude the existence of a significant non-ionic contri-
bution to ST ; the values in 100 mM solution may be
taken as an upper bound. In contrast to our results, the
Soret effect of proteins arises essentially from a non-ionic
mechanism, as shown by a study on lysozyme at variable
eletrolyte strength and temperature [22]. This implies
that thermophoresis of PS beads differs fundamentally
from that of proteins.
Second, the Soret coefficient at 46◦ C is about twice
as large as at 26◦ C. Since the overall prefactor in (3),
and the parameters ζ, ε, and τ , hardly vary with tem-
perature, we conclude that the T -dependence of ST is
necessarily related to the Seebeck coefficient S and the
thermal diffusion factor α of the salt solution. Moreover,
the data confirm the well-known fact that the Soret co-
efficient is proportional to the particle size [4, 33]. The
temperature dependence qualtitatively agrees with pre-
vious studies on PS beads [23, 26].
In order to make the above arguments more quantita-
tive, we have fitted the temperature dependence in terms
FIG. 5: Soret coefficient of PS beads in NaOH solution. The
electrolyte thermal diffusion Seebeck coefficients α and S are
kept constant; the slight temperature dependence arises from
the prefactor in (3).
of a minimal model for the Seebeck coefficient and the
thermal diffusion factor,
SNaCl = S
0
NaCl (1 + ξt) , αNaCl = α
0
NaCl (1 + ξt) , (5)
where t = T − 298K and the superscript “0” indi-
cates room-temperature values according to Table I. The
straight lines in Fig. 4 are calculated from Eq. (3) with
the slope parameter ξ = 0.14 K−1. There seem to be no
data on the T -dependence of the Seebeck coefficient. The
slope measured for the thermal diffusion coefficient α of
very strong electrolytes of about 1 M, is about four times
smaller [40]; at low salinity a stronger but non-linear in-
crease of α was observed [41]. These experimental find-
ings are compatible with the model (5) and the value for
ξ.
B. NaOH solution
In Fig. 5 we plot the Soret coefficient of PS beads of
different size in NaOH solution between 40◦ and 55◦ C. In
this range ST varies little with temperature. The curves
are calculated from Eq. (3) with ζ = −38 mV and con-
stant values for SNaOH and αNaOH, as given in Table
I. The data for beads of 90, 136, and 215 nm diame-
ter follow roughly the linear size dependence of Eq. (3);
the slight discrepancy might be related to the surfactant-
free surface, and thus slightly higher ζ-potential, of the
homemade 90 and 136 nm sample, in contrast with the
commercial 215 nm beads.
As a corollary, we note that our discussion of the data
of Figs. 4 and 5 implies that solutions of NaCl and NaOH
strongly differ in their thermal diffusion behavior. The
6strong temperature dependence of Fig. 4 is related to
the variation of the coefficients in Eq. (5), which are
qualitatively confirmed by experiment [40, 41]. The data
of Fig. 5 suggest that SNaOH and αNaOH do not depend
on T ; we are not aware of an experimental study on this
point.
The coefficients S and α result from the heat of trans-
port Q±, which in turn are given by the ionic solvation
enthalpy [39, 43]. Besides the electrostatic self-energy,
these latter quantities comprise van der Waals and hy-
dration contributions which are not easily evaluated. In
the view of the well-known specific ion effects, as ex-
pressed for example in the Hofmeister series for protein
solutions [44], it would not come as a surprise that NaCl
and NaOH strongly differ in their solvation enthalpies.
VI. DISCUSSION
Together with Eq. (3) the data presented in the above
figures show that the Soret effect of PS beads originates
essentially from thermal diffusion of the salt and the elec-
trolyte Seebeck effect, thus confirming previous works
[11, 13]. As a most important novel finding, our data
show moreover that the Seebeck effect and diffusiophore-
sis in the salt gradient lead to the strong temperature de-
pendence in NaCl solution. Although the variation with
T is similar to the behavior observed for various ionic and
non-ionic colloidal suspensions [26], our measurements
give clear evidence that there are two distinct mecha-
nisms at work: Whereas a study on lysozyme protein
shows that the temperature dependence of the Soret data
results from a non-ionic interaction [22], the present work
indicates that charge effects are dominant for polystyrene
beads.
So far all experimental studies reported an increase
with temperature, which is generally well fitted by the
Piazza’s phenomenological law ST = S
∞
T (1−e(T
∗−T )/T0)
that changes sign at T = T ∗; extrapolating our NaCl
data gives T ∗ ≈ 15◦ C which roughly agrees with the
values of [23, 26]. On the other hand, the data in NaOH
solution presented in Fig. 5 provide the first example
for a T -independent Soret coefficient. This finding en-
forces our above statement that the Soret motion of PS
beads is a charge effect and thus has a strikingly different
temperature dependence.
There remains the question why the non-ionic mecha-
nism at work in protein and micellar solutions and the
charge mechanism of latex particles in NaCl solution,
show such a similar temperature dependence. Piazza
and coworkers pointed out that the non-ionic interac-
tion is strongly correlated with the thermal expansivity
β of water [26]. On the other hand, a similar correlation
is known to occur between the thermal diffusion factor
αNaCl of sodium chloride and β [40]. The data of Fig. 4
suggest that there is a similar relation between the elec-
trolyte Seebeck coefficient SNaCl and the expansivity of
water. In this picture, the thermal expansion of water
would be at the origin of the temperature dependence of
Soret data for non-ionic polymer solutions, proteins, and
charged PS particles. By contrast, the data of Fig. 5
indicate a very different behavior of NaOH solution. The
physical origin of such ion-specific effects [18, 19] could
be related to the Hofmeister effect observed for protein
solutions.
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